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Where is Daya Bay?
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55 km

45 km



Daya Bay Underground Laboratory
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The Goal: θ13
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• The only unknown mixing angle

• Tiny θ13 = Nightmare for CP violation hunters

sin2 2θ13 < 0.15 @90% C.L. (CHOOZ)



Recent Hint of θ13
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FIG. 6. The 68% and 90% C.L. regions for sin2 2θ13 for each value of δCP, consistent with

the observed number of events in the three-flavor oscillation case for normal (top) and inverted

(bottom) mass hierarchy. The other oscillation parameters are fixed (see text). The best fit values

are shown with solid lines.

∗ also at J-PARC Center
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FIG. 2: Breakdown of the evidence for θ13 > 0 from the global fit (ALL) into contributions coming from δm2-sensitive data
(Solar+KamLAND) and from ∆m2-sensitive data (ATM+LBL+CHOOZ). The left and right panels refer to old and new fluxes,
respectively.

Figure 2 breaks down the global evidence for sin2 θ13 > 0 into two separate contributions coming from the data
sets sensitive to either δm2 (Solar+KamLAND) or ∆m2 (ATM+LBL+CHOOZ), assuming old and new reactor fluxes
(left and right panels, respectively). Remarkably, the two data sets agree very well, with best fits rather close to each
other in both panels, and with nearly gaussian uncertainties in all cases. The bounds from combined (ALL) data
appear to be currently dominated by ∆m2-sensitive experiments—not surprisingly, since the T2K appearance results
alone account for more than 2σ [22]. The T2K experiment, currently limited by statistics rather than by systematics,
is expected to improve significantly the bounds on θ13 in future physics runs [22]. We also find it useful to summarize
the ±1σ ranges of sin2 θ13 in a different format in Fig. 3, where the solid and dashed error bars refer to old and new
reactor neutrino fluxes, respectively.
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FIG. 3: Global 3ν analysis. Preferred ±1σ ranges for the mixing parameter sin2 θ13 from partial and global data sets. Solid
and dashed error bars refer to old and new reactor neutrino fluxes, respectively.
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Fogli et al

arXiv:1106.6028

Daya Bay’s goal: 
  sin2 2θ13 < 0.01 @ 90% C.L. in 3 years of data taking

http://arxiv.org/abs/1106.3133
http://arxiv.org/abs/1106.3133
http://www-numi.fnal.gov/PublicInfo/plots/nuecontour2011.png
http://www-numi.fnal.gov/PublicInfo/plots/nuecontour2011.png
http://arxiv.org/abs/1106.6028
http://arxiv.org/abs/1106.6028


Karsten Heeger, Univ. of Wisconsin TIPP2011, June 11, 2011 

Precision Measurement of !13 with Reactor Antineutrinos

Search for !13 in new oscillation experiment with multiple detectors

~1-1.8 km

> 0.1 km
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Daya Bay Reactors:
Powerful #e source, multiple cores 
11.6 GWth now,17.4 GWth in 2011

Reactor v.s. Accelerator
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• Clean signal

• no CP violation

• negligible matter effects

• Free neutrinos!

• pure      source
• 6      / fission
• 2 x 1020       / sec / GWth

ν̄e
ν̄e

ν̄e

Nuclear Reactor 

small-amplitude 
oscillation due to θ13

large-amplitude 
oscillation due to θ12

Δm2 ~ 10-3 eV2 
E ~ MeV L ~ 1 km 

optimum detector location



Reactor Neutrinos Have Long Been Our Friends
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PRL 90 (2003) 021802
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Lindley Winslow5

A Long History of Reactor Neutrinos

Phys. Rev. Lett. 90, 021802 (2003)

The next generation in a long line of reactor neutrino 
experiments.
Starting from the first detection of the neutrino to the LMA+MSW 
solution to the solar neutrino problem.
Go through each picture and the plot...



Reactor Neutrino ‘Oscillation’
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PRL 100 (2008), 221803

Lindley Winslow

Reactor Neutrinos Oscillating:

Lo is the flux averaged reactor distance, 180 km.

6

Phys. Rev. Lett. 100, 221803 (2008)

The Beautiful KamLAND plot.
Describe.
Reactors have been good to us.



Reactor Neutrinos are ‘Well Understood’ 
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A Few More Details on Reactor 
Anti-Neutrinos:

Nakajima NIMA 569,  837-844 (2006)
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•2!1020 anti-neutrinos per s per GWth

Know how to detect.
What do we expect.
Get the fission data per isotope per day from the 53 japanese reactors.
Cross-sections w/ spectrum gives the expected spectrum.
Measured by all those other experiments see Gosgen....

two complete oscillation cycles in the !!e spectrum and
extract more precise values of the oscillation parameters.

KamLAND is at the site of the former Kamiokande
experiment at a depth of !2700 m water equivalent. The
heart of the detector is 1 kton of highly purified liquid
scintillator (LS) enclosed in an EVOH/nylon balloon sus-
pended in purified mineral oil. The LS consists of 80%
dodecane, 20% pseudocumene, and 1:36" 0:03 g=l of
PPO [4]. The antineutrino detector is inside an 18-m-
diameter stainless steel sphere. An array of 1879 50-cm-
diameter photomultiplier tubes (PMTs) is mounted on the
inner surface of the sphere. A subset of 554 PMTs are re-
used from the Kamiokande experiment, while the remain-
ing 1325 PMTs are a faster version masked to 17 inches. A
3.2-kton cylindrical water-Cherenkov outer detector (OD),
surrounding the containment sphere, provides shielding
and operates as an active cosmic-ray veto detector.

Electron antineutrinos are detected via inverse "-decay,
!!e # p ! e# # n, with a 1.8 MeV threshold. The prompt
scintillation light from the e# gives a measure of the !!e
energy, E !!e

’ Ep # !En # 0:8 MeV, where Ep is the
prompt event energy including the positron kinetic and
annihilation energy, and !En is the average neutron recoil
energy, O$10 keV%. The mean neutron capture time is
207:5" 2:8 #s. More than 99% capture on free protons,
producing a 2.2 MeV $ ray.

KamLAND is surrounded by 55 Japanese nuclear power
reactor units, each an isotropic !!e source. The reactor
operation records, including thermal power generation,
fuel burnup, and exchange and enrichment logs, are pro-
vided by a consortium of Japanese electric power compa-
nies. This information, combined with publicly available
world reactor data, is used to calculate the instantaneous
fission rates using a reactor model [5]. Only four isotopes
contribute significantly to the !!e spectra; the ratios of the
fission yields averaged over the entire data taking period
are: 235U:238U:239Pu:241Pu & 0:570:0:078:0:295:0:057.
The emitted !!e energy spectrum is calculated using the
!!e spectra inferred from Ref. [6], while the spectral uncer-
tainty is evaluated from Ref. [7]. We also include contri-
butions from the long-lived fission daughters 90Sr, 106Ru,
and 144Ce [8].

We recently commissioned an ‘‘off-axis’’ calibration
system capable of positioning radioactive sources away
from the central vertical axis of the detector. The measure-
ments indicate that the vertex reconstruction systematic
deviations are radius- and zenith-angle-dependent, but
smaller than 3 cm and independent of azimuthal angle.
The fiducial volume (FV) is known to 1.6% uncertainty up
to 5.5 m using the off-axis calibration system. The position
distribution of the "-decays of muon-induced 12B=12N
confirms this with 4.0% uncertainty by comparing the
number of events inside 5.5 m to the number produced in
the full LS volume. The 12B=12N event ratio is used to
establish the uncertainty between 5.5 and 6 m, resulting in
a combined 6-m-radius FV uncertainty of 1.8%.

Off-axis calibration measurements and numerous
central-axis deployments of 60Co, 68Ge, 203Hg, 65Zn,
241Am9Be, 137Cs, and 210Po13C radioactive sources estab-
lished the event reconstruction performance. The vertex
reconstruction resolution is !12 cm=

!!!!!!!!!!!!!!!!!!
E$MeV%

p
, and the

energy resolution is 6:5%=
!!!!!!!!!!!!!!!!!!
E$MeV%

p
. The scintillator re-

sponse is corrected for the nonlinear effects from quench-
ing and Cherenkov light production. The systematic
variation of the energy reconstruction over the data set
give an absolute energy-scale uncertainty of 1.4%; the
distortion of the energy scale results in a 1.9% uncertainty
on "m2

21, while the uncertainty at the analysis threshold
gives a 1.5% uncertainty on the event rate. Table I summa-
rizes the systematic uncertainties. The total uncertainty on
"m2

21 is 2.0%, while the uncertainty on the expected event
rate, which primarily affects %12, is 4.1%.

For the analysis, we require 0:9 MeV<Ep < 8:5 MeV.
The delayed energy, Ed, must satisfy 1:8 MeV<Ed <
2:6 MeV or 4:0 MeV<Ed < 5:8 MeV, corresponding to
the neutron-capture $ energies for p and 12C, respectively.
The time difference ("T) and distance ("R) between the
prompt event and delayed neutron capture are selected to
be 0:5 #s< "T < 1000 #s and "R< 2 m. The prompt
and delayed radial distance from the detector center (Rp,
Rd) must be <6 m.

Accidental coincidences increase near the balloon
surface (R & 6:5 m), reducing the signal-to-background
ratio. We use constraints on event characteristics to
suppress accidental backgrounds while maintaining
high efficiency. We construct a probability density
function (PDF) for accidental coincidence events,
facc$Ep; Ed;"R;"T; Rp; Rd%, by pairing events in a 10-
to 20-s delayed-coincidence window. A PDF for the !!e
signal, f !!e

$Ep; Ed;"R;"T; Rp; Rd%, is constructed from a
Monte Carlo simulation of the prompt and delayed events
using the measured neutron capture time and detector
response. For the Ep distribution in f !!e

, we choose an
oscillation-free reactor spectrum including a contribution
from geoneutrinos estimated from Ref. [9]. A discrimina-
tor value, L & f !!e

f !!e#facc
, is calculated for each candidate

pair that passes the earlier cuts. We establish a selection
value Lcut

i in Ep bins of 0.1 MeV, where Lcut
i is the value of

L at which the figure-of-merit, Si!!!!!!!!!!
Si#Bi

p is maximal. Si is the

TABLE I. Estimated systematic uncertainties relevant for the
neutrino oscillation parameters "m2

21 and %12.

Detector-related (%) Reactor-related (%)

"m2
21 Energy scale 1.9 !!e-spectra [7] 0.6

Event rate Fiducial volume 1.8 !!e-spectra 2.4
Energy threshold 1.5 Reactor power 2.1
Efficiency 0.6 Fuel composition 1.0
Cross section 0.2 Long-lived nuclei 0.3

PRL 100, 221803 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
6 JUNE 2008

221803-2
KamLAND, PRL 100 (2008), 221803



Anti-neutrino Detection is ‘Well Understood’
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• Ethreshold = 1.8 MeV

• Dominant process at low energy

• ‘Large’ cross section σ~10-42 cm2

• Distinctive coincidence signature 
in a large liquid scintillator detector

Inverse Beta Decay ν̄e + p→ e+ + n

19 

Data were recorded photographically from 
oscilloscope traces 

I 

II 

III 

Cowan & Reines, Savannah River 1956

n + AGd → A+1Gd + γ�s
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Daya Bay is larger, deeper, and has better systematics 
Aim: precision measurement of θ13 to sin22θ13 < 0.01

Three Games in Town

14

arXiv:1003.1391v1arXiv:hep-ex/0701029v1 arXiv:hep-ex/0606025v4

And then there were three:

14

arXiv:1003.1391v1arXiv:hep-ex/0701029v1 arXiv:hep-ex/0606025v4

And then there were three:



How to achieve 0.01?

• Increase Statistics: Powerful Nuclear reactor + Large target mass

• Reduce Systematic Uncertainties

- Reactor Related

‣ Optimize baseline for the best sensitivity

‣ Near and far detectors to minimize reactor-related uncertainties

- Detector Related

‣ ‘Identical’ pairs of detectors to do relative measurement

‣ Comprehensive detector calibration

‣ Interchange near and far detectors (optional)

- Background Related

‣ Deep underground to reduce cosmic induced backgrounds

‣ Active and passive shielding

13



Nuclear Power Plants in China
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• 13 reactor cores in operation, many under construction

•  ~10GW electric,  ~2% of total electric power

•   Increase to ~6% by 2020



Sites and Reactors
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1 OVERVIEW 12
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Fig. 1.12. Layout of the Daya Bay experiment.

while optimizing the experimental sensitivity, the Daya Bay near detector site is best located 363 m from
the center of the Daya Bay cores. The overburden at this location is 98 m (255 m.w.e.).§ The Ling Ao near
detector hall is optimized to be 481 m from the center of the Ling Ao cores, and 526 m from the center of
the Ling Ao II cores¶ where the overburden is 112 m (291 m.w.e).

The far detector site is about 1.5 km north of the two near sites. Ideally the far site should be equidistant
between the Daya Bay and Ling Ao—Ling Ao II cores; however, the overburden at that location would be
only 200 m (520 m.w.e). At the optimized locations, the distances from the far detector to the midpoint
of the Daya Bay cores and to the mid point of the Ling Ao—Ling Ao II cores are 1985 m and 1615 m,
respectively. The overburden is about 350 m (910 m.w.e). A summary of the distances to each detector is
provided in Table 1.1. The reactor-related systematic uncertainties cannot be cancelled completely, but can
be reduced to a negligible revel. From the global fit, a residual reactor uncertainty of <0.1% is obtained.

There are three branches for the main tunnel extending from a junction near the middle of the site to
the near and far underground detector halls. There are also access and construction tunnels. The length of
the access tunnel, from the portal to the Daya Bay near site, is 292 m. It has a grade of 9.6% [28], which
allows the underground facilities to be located deeper with more overburden. The layout of the underground
facility is shown in Figure 1.12.

From the global baseline optimization, by comparing the antineutrino fluxes and energy spectra between
the near and far detectors, we also conclude we need to collect at least 170,000 events with the far detector
§The Daya Bay near detector site is about 40 m east of the perpendicular bisector of the Daya Bay two cores to gain more
overburden.
¶The Ling Ao near detector site is about 50 m west of the perpendicular bisector of the Ling Ao-Ling Ao II clusters to avoid
installing it in a valley which is likely to be geologically weak, and to gain more overburden.

• Three reactor complex, each with 2 
cores, 17.4 GWth in total

• Two near sites to sample flux from 
reactor groups

• Four detectors (80T) at Far site to 
increase statistics

• Multiple detectors per site to 
cross-check detector efficiency

Karsten Heeger, Univ. of Wisconsin TIPP2011, June 11, 2011 

Antineutrino Detection

events/day  per 20 ton module

Prompt Energy Signal

1 MeV

Daya Bay near site         840 
Ling Ao near site            760 
Far site!!              90 

6 MeV 10 MeV

Delayed Energy Signal

→ + Gd ! Gd*

     0.3 b

49,000 b

→ + p ! D + " (2.2 MeV)     (delayed)

!e + p " e+ + n

 ! Gd + "ʼs (8 MeV) (delayed)

Signal and Event Rates

high-statistics 
experiment! 

Baseline

Anti-neutrino Event Rate

930



Anti-Neutrino Detector
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8 ‘identical’ detectors:
    2@near site x 2, 4@far site
    Build and fill in pairs

Each detector has 3 nested zones
separated by Acrylic Vessels:
    Inner: 20 tons Gd-doped LS (target mass)
    Mid: 20 tons LS (gamma catcher) 
    Outer: 40 tons mineral oil (buffer)

Each detector has:
    192 8-inch Photomultipliers
    Optical reflectors at top/bottom of cylinder
    12%/√E energy resolution

3m

4m

5m

Automated Calibration Units

Gd-LS defines the target volume
No fiducial volume cut required



Gd-Loaded Liquid Scintillator
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Daya Bay experiments uses 185 ton 0.1% 
gadolinium-loaded liquid scintillator (Gd-LS) 

Gd-TMHA + LAB + 3g/L PPO + 15mg/L bis-MSB

Gd-LS are produced in multiple 
batches but mixed in reservoir on-
site to ensure identical detectors

500L fluor-LAB
Two 1000L 
0.5% Gd-LAB

5000L 0.1% 
Gd-LS

0.1% Gd-LS in 
5000L tank

λ=10m

Gd-LS stability in prototype

time (days)

A
b

so
rb

an
ce



Near/Far Measurements
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• Largest systematic 
uncertainties form 
reactor flux/spectra

• Near/Far 
measurements to 
cancel

Ratio of Neutrinos Proton Ratio
Detector 
Efficiency

Survival Probability 
(Theta13)

0.3%
0.2%

Identical AD + Calibration+ flow & mass 
measurement

Near Far

Storage tank



Target Mass Measurement

19

ISO Gd-LS 
weighing tank

Pump stations

Filling platform

Detector

20-ton, teflon-lined ISO tank

Load cell
accuracy < 0.02%

Coriolis mass flowmeters
accuracy < 0.1%

Gd-LSLS MO



Energy Calibration
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1 MeV

6 MeV 10 MeV

• 3 ACUs / detector

- Central Gd-LS

- Edge Gd-LS

- LS (gamma catcher)

• Each ACU has three sources (parked)

- 68Ge (e+ threshold)

- 241Am13C (n threshold) +60Co (2.5MeV)

- LED (timing)

• Simultaneous, automated weekly deployment

• Spallation neutrons (104/day/detector @Near, 
103/day/detector @Far) for full volume check

0.2% detector efficiency means 2% at e+ threshold and 1% at neutron threshold



Muon Veto System
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Multiple muon veto detectors

Water Cherenkov
    - Detectors submerged in water, 
passive shielding against neutrons 
and gammas 

    - Optically separated by Tyvek 
sheets into inner / outer region for 
cross-check

    - 8-inch PMTs mounted on 
frames, 288 @Near, 384 @Far

RPC
    - Independent muon tagging 
    - Retractable roof above pool

ε > (99.5 +/- 0.25)%

Redundant veto system = highly efficient muon rejection

2 SENSITIVITY & SYSTEMATIC UNCERTAINTIES 41

the whole energy range.
Using the mountain profile data, the cosmic muons are transported from the atmosphere to the un-

derground detector sites using the MUSIC package [9]. Simulation results are shown in Table 2.9 for the
optimal detector sites. The muon energy spectra at the detector sites are shown in Fig. 2.11. The three curves

DYB site LA site Far site
Vertical overburden (m) 98 112 355
Muon Flux (Hz/m2) 1.16 0.73 0.041

Muon Mean Energy (GeV) 55 60 138
Table 2.9. Vertical overburden of the detector sites and the corresponding muon flux
and mean energy.

from upper to lower correspond to the Daya Bay near site, the Ling Ao near site and the far site, respectively.

2.3.2 Simulation of Neutron Backgrounds

The neutron production rates will depend upon the cosmic muon flux and average energy at the detector.
However, the neutron backgrounds in the detector also depend on the local detector shielding. The neutrino
detectors will be shielded by at least 2.5 meters of water. This water buffer will be used as a Cherenkov
detector to detect muons. Thus neutrons produced by muons in the detector module or the water buffer will
be identified by the muon signal in the water Cherenkov detector. In addition, neutrons created by muons
in the surrounding rock will be effectively attenuated by the 2.5 m water buffer. Together with another
muon tracker above the water buffer, the combined muon tag efficiency is designed to be 99.5%, with an
uncertainty smaller than 0.25%.

From the detailed muon flux and mean energy at each detector site, the neutron yield, energy spectrum,
and angular distribution can be estimated with an empirical formula [10] which has been tested against
experimental data. A Monte Carlo simulation has been carried out to propagate primary neutrons produced
by muons in the surrounding rocks, the water buffer, and the oil buffer layer of the neutrino detector, to the
detector. Neutrons produced in the liquid scintillator neutrino detector will be tagged by the muon system
with 100% efficiency. Neutrons produced in the water buffer will be tagged with an efficiency of more than
99.5%, since their parent muons must pass through the muon system as well (this point will be further
elaborated below). About 70% of the neutrons that enter the detector modules from the surrounding rock are
also tagged by the muon system. Thus the remaining neutron background after muon rejection is due to the
30% of rock neutrons plus the neutrons produced in the water without detection of the parent muon (due to
inefficiency of the muon tagging system), and we call these “untagged” neutron events.

Some energetic neutrons will produce tertiary particles, including neutrons. For those events that have
energy deposited in the liquid scintillator, many have a complex time structure due to multiple neutron
scattering and captures. These events are split into sub-events in 50 ns time bins. We are interested in
two kinds of events. The first kind has two sub-events. The first sub-event has deposited energy in the
range of 1–8 MeV, followed by a sub-event with deposited energy in the range of 6–12 MeV in a time
window of 1–200 µs. These events, called fast neutron events, can mimic the antineutrino signal as correlated
backgrounds. The energy spectrum of the prompt signal of the fast neutron events, e.g. at the far site, is
shown in Fig. 2.12 up to 50 MeV. The other kind of events has only one sub-event with deposited energy in
range of 6 to 12 MeV. These events, when combined with the natural radioactivity events, can provide the
delayed signal to form the uncorrelated backgrounds. We call them single neutron events. Most of the single
neutron events are real thermalized neutrons while others are recoil protons that fall into the 6–12 MeV
energy range accidentally. A few thermalized neutrons will survive beyond the 200 µs cut, even though

arXiv:hep-ex/0701029v1 (TDR)
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2 SENSITIVITY & SYSTEMATIC UNCERTAINTIES 48

DYB site LA site far site
Antineutrino rate (/day/module) 930 760 90

Natural radiation (Hz) <50 <50 <50
Single neutron (/day/module) 18 12 1.5

β-emission isotopes (/day/module) 210 141 14.6
Accidental/Signal <0.2% <0.2% <0.1%
Fast neutron/Signal 0.1% 0.1% 0.1%

8He9Li/Signal 0.3% 0.2% 0.2%
Table 2.13. Summary of signal and background rates in the antineutrino detectors at
Daya Bay. A neutron detection efficiency of 78% has been applied to the antineutrino
and single-neutron rates.

near and far sites, respectively.
The rates and energy spectra of all three major backgrounds can be measured in-situ. Thus the back-

grounds at the Daya Bay experiment are well controlled. The simulated energy spectra of backgrounds are
shown in Fig. 2.16. The background-to-signal ratios are taken at the far site.
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Fig. 2.16. Spectra of three major backgrounds for the Daya Bay experiment and their
size relative to the oscillation signal, which is the difference of the expected neutrino
signal without oscillation and the ‘observed’ signal with oscillation for sin2 2θ13 =
0.01.

2.4 Sensitivity

If θ13 is non-zero, a rate deficit will be present at the far detector (primarily) due to oscillation. At
the same time, the energy spectra of neutrino events at the near and far detectors will be different because
neutrinos of different energies oscillate at different frequencies. Both rate deficit and spectral distortion of
neutrino signal will be exploited in the final analysis to obtain maximum sensitivity. When the neutrino
event statistics are low (<400 ton·GWth·y), the sensitivity is dominated by the rate deficit. For luminosity
higher than 8000 ton·GWth·y, the sensitivity is dominated by the spectral distortion [18]. The Daya Bay

arXiv:hep-ex/0701029v1 (TDR)
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Karsten Heeger, Univ. of Wisconsin TIPP2011, June 11, 2011 

Sensitivity of Daya Bay

sin22!13  < 0.01 @ 90% CL 
in 3 years of data taking

Jul 2011 start data taking with near site
2012 start data taking with full experiment

Daya Bay is most sensitive reactor θ13 experiment under construction.• Summer 2011 start physics data taking with near site

• Summer 2012 start data taking with full experiment 

sin2 2θ13 < 0.01 @ 90% C.L. in 3 years of data taking



Daya Bay Status



Civil Construction
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• Tunnel length: ~ 3100m 
• Three experimental halls 
• One assembly hall 
• Water purification hall 

1
5

4

2

3

• Experimental (Near) Hall 1, 2 finished

• Experimental (Far) Hall 3  finishing this summer



A Busy Past Year
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1 OVERVIEW 12

Daya Bay
cores

Ling Ao
cores

Ling Ao II
cores

Daya Bay
near 

Ling Ao 
near 

Far 

LS
hall

Entrance 

Construction 
tunnel 

Water
hall

Fig. 1.12. Layout of the Daya Bay experiment.

while optimizing the experimental sensitivity, the Daya Bay near detector site is best located 363 m from
the center of the Daya Bay cores. The overburden at this location is 98 m (255 m.w.e.).§ The Ling Ao near
detector hall is optimized to be 481 m from the center of the Ling Ao cores, and 526 m from the center of
the Ling Ao II cores¶ where the overburden is 112 m (291 m.w.e).

The far detector site is about 1.5 km north of the two near sites. Ideally the far site should be equidistant
between the Daya Bay and Ling Ao—Ling Ao II cores; however, the overburden at that location would be
only 200 m (520 m.w.e). At the optimized locations, the distances from the far detector to the midpoint
of the Daya Bay cores and to the mid point of the Ling Ao—Ling Ao II cores are 1985 m and 1615 m,
respectively. The overburden is about 350 m (910 m.w.e). A summary of the distances to each detector is
provided in Table 1.1. The reactor-related systematic uncertainties cannot be cancelled completely, but can
be reduced to a negligible revel. From the global fit, a residual reactor uncertainty of <0.1% is obtained.

There are three branches for the main tunnel extending from a junction near the middle of the site to
the near and far underground detector halls. There are also access and construction tunnels. The length of
the access tunnel, from the portal to the Daya Bay near site, is 292 m. It has a grade of 9.6% [28], which
allows the underground facilities to be located deeper with more overburden. The layout of the underground
facility is shown in Figure 1.12.

From the global baseline optimization, by comparing the antineutrino fluxes and energy spectra between
the near and far detectors, we also conclude we need to collect at least 170,000 events with the far detector
§The Daya Bay near detector site is about 40 m east of the perpendicular bisector of the Daya Bay two cores to gain more
overburden.
¶The Ling Ao near detector site is about 50 m west of the perpendicular bisector of the Ling Ao-Ling Ao II clusters to avoid
installing it in a valley which is likely to be geologically weak, and to gain more overburden.

SAB

- Assemble ADs above ground
- Test assembled ADs

- Transport underground
- Fill with scintillator

- Install Muon system
- Install filled ADs
- Begin data taking



Surface Assembly Building
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Anti-Neutrino Detector Assembly

28

• AD #1-4 are fulling assembled

Stainless Steel Vessel
(SSV) in assembly pit

Install Lower reflector 4m Acrylic Vessel (AV) Lower 3m AV

Install PMT LaddersInstall Top reflectorClose SSV LidInstall Calibration Units



More Pictures of the AD
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Karsten Heeger, Univ. of Wisconsin TIPP2011, June 11, 2011 

Detector Assembly in Pairs

Daya Bay Antineutrino Detectors

Karsten Heeger, Univ. of Wisconsin TIPP2011, June 11, 2011 

near far

νe

distance 
L ~ 1.5 km

Daya Bay Antineutrino Detectors

Antineutrino Detector Pairs

PMTs in Anti-neutrino Detector (AD) 

o! Eight ADs in three 
Experimental Halls (EH). 

o! Each AD has 192 8” 
photomultiplier tubes (PMTs). 

o! 6% photocathode coverage, 

o! 12% effective coverage with top 
and bottom reflectors. 

o! PMT: Hamamatsu R5912 

o! Oil-proof assemblies, 

o! Low-radioactivity glass. 

o! HV system:  

o! Mainframe: CAEN SY 1527LC, 

o! HV modules: 48-channel 
A1932AP. 

2 



AD Dry Run
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• Integrated Test of the complete AD system 
before moving to underground for filling
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AD Dry Run

Karsten Heeger, Univ. of Wisconsin TIPP2011, June 11, 2011 

Double-pulse LED to mimic !   interaction

Detector dry run took place in assembly 
building (above ground). Can see muon 
events.

PMT Charge (PE) with LED 

LED flashing

Deploying calibration LED
Photo taken by internal AD camera

Antineutrino Detector Dry Run

First Detector Data

Karsten Heeger, Univ. of Wisconsin TIPP2011, June 11, 2011 

Double-pulse LED to mimic !   interaction

Detector dry run took place in assembly 
building (above ground). Can see muon 
events.

PMT Charge (PE) with LED 

LED flashing

Deploying calibration LED
Photo taken by internal AD camera

Antineutrino Detector Dry Run

First Detector Data

Karsten Heeger, Univ. of Wisconsin TIPP2011, June 11, 2011 

Double-pulse LED to mimic !   interaction

Detector dry run took place in assembly 
building (above ground). Can see muon 
events.

PMT Charge (PE) with LED 

LED flashing

Deploying calibration LED
Photo taken by internal AD camera

Antineutrino Detector Dry Run

First Detector Data• First AD Data

- Double-pulsed LED to mimic 
antineutrino interaction

- Dry run in assembly building 
(above ground). Can see muon 
events



AD Dry Run
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AD1 & AD2 Comparison 

Reconstructed Vertex of Off-axis LED Deployments



AD Transporting
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AD Filling
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• AD #1 and #2 successfully filled

- Precision mass measurement

- Liquid level monitor 

- Temperature control



Muon System Installation
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• Muon System Status (EH1)

- All 288 PMTs installed

- RPC modules installed

- Pool dry run finished with good 
performance

Fully installed RPC Pool divided by Tyvek
into inner and outer regions

calibration LED flashing



Move AD into the Pool
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Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009 

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009 

• Daya Bay Near Site (EH1) Status

- AD #1 and #2 are in the pool

- Taking AD data with dry pool

- Water fill in August

Another Encouraging Picture 



Summary

• Daya Bay experiment is designed to measure the unknown mixing angle θ13 to a 
great precision: sin2 2θ13 < 0.01 @ 90% C.L.

37

Exciting time as 
rapidly increasing 

data coming!

• Toward full experiment

- Hall 2 (Ling Ao near) installation started

- Hall 3 (Far) installation after this summer

- Full Data taking next summer (2012)

• Smooth progress

- Two ADs for Hall 1 (Daya Bay 
near) fully completed

- Muon system for Hall 1 
completed. Water pool fill in 
August

- Hall 1 physics data taking soon





Detector Related Systematics
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Source of uncertainty Chooz Daya Bay (relative)
(absolute) Baseline Goal Goal w/Swapping

# protons 0.8 0.3 0.1 0.006
Detector Energy cuts 0.8 0.2 0.1 0.1
Efficiency Position cuts 0.32 0.0 0.0 0.0

Time cuts 0.4 0.1 0.03 0.03
H/Gd ratio 1.0 0.1 0.1 0.0
n multiplicity 0.5 0.05 0.05 0.05
Trigger 0 0.01 0.01 0.01
Live time 0 <0.01 <0.01 <0.01

Total detector-related uncertainty 1.7% 0.38% 0.18% 0.12%
Table 2.8. Comparison of detector-related systematic uncertainties (all in percent, per
detector module) of the Chooz experiment (absolute) and projections for Daya Bay
(relative). Baseline values for Daya Bay are conservative values achievable through
essentially proven methods, whereas the goals should be attainable through additional
calibration and analysis efforts described in the text. In addition, the potential improve-
ment from detector swapping is indicated in the last column.

2.2.3.1 Number of Target Protons

The antineutrino targets are the free protons in the detector, so the event rate in the detector is pro-
portional to the total number of free protons. As discussed in Chapter 4, the antineutrino detectors will be
filled in pairs, each pair from a common batch of liquid scintillator carefully controlled so that there will
be no difference in chemical composition between the two detectors. Then one of the two detectors will be
deployed at a near site, and the other at the far site. Then the near and far members of a pair will have liquid
scintillator with the same chemical composition and exactly the same number of protons per unit mass of
liquid scintillator. The ratio of masses in the central volumes then provides the ratio of proton targets for the
two detectors.

The mass of the antineutrino target is accurately determined in several ways. The primary measurement
of the target mass will rely on load cell measurements of the Gd-LS fill tank before and after filling the AD.

The detector modules will be built to specified tolerance so that the volume is known to ∼0.6% (typ-
ically <5 mm dimension out of a radius of 1.6 meters). We will make a survey of the detector geometry
and dimensions after construction to characterize the detector volumes to higher precision than 0.3%. Us-
ing optical measuring techniques and reflective survey targets built into the detector modules and attached
to the surfaces of the acrylic vessels sub-mm precision is easily achievable with conventional surveying
techniques.

Once the detectors are underground, we plan to fill each detector from a common tank using a variety
of instrumentation to directly measure the mass and volume flow into the detector. A combination of load
cells, Coriolis mass flow meters and volume flow meters and thermometers in the filling station and the fill
tank will allow us to determine the mass of the liquid scintillator reliably and with independent methods.

The detailed filling plan for the anti-neutrino detectors will be discussed in Sec. 4.6. With commercial
load cells and flow meters, we conservatively quote a baseline uncertainty of 0.3% for the detector mass.
The goal value of 0.1% is based on the expected load cell performance.

The absolute H/C ratio was determined by Chooz using scintillator combustion and analysis to 0.8%
precision based on combining data from several analysis laboratories. By filling the near/far pairs from a
common batch of scintillator, we expect to essentially eliminate this systematic uncertainty. Nevertheless,

• Baseline: achievable through proven methods

• Goal: with additional calibration and analysis efforts

• Swapping: potential improvement by swapping near/far detectors

arXiv:hep-ex/0701029v1 (TDR)

Most systematic uncertainties reduced through detector design 
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